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Hydrolytic dehydrogenation of ammonia borane over ZIF-67 
derived Co nanoparticle catalysts 
Simone Louise Zacho,
a
 Jerrik Mielby
a
 and Søren Kegnæs
a
*
 
In this work, we exploited zeolitic imidazolate framework ZIF-67 as sacrificial precursors to prepare Co nanoparticles 
supported on nanoporous nitrogen-doped carbon.  The catalysts were tested for hydrolytic dehydrogenation of ammonia 
borane and the size of the Co nanoparticles and the structural features of the carbon support were shown to have a large 
effect on the catalytic activity. Furthermore, we investigated the effect of adding Zn to the catalyst precursor (ZIF-67/8). 
The highest catalytic activity was obtained from ZIF-67/8 with a molar ratio of Co/Zn=1, which was carbonized at 900°C to 
remove Zn by evaporation. At room temperature, this catalyst resulted in a turnover frequency of 7.6 mol H2/mol Co min
-1
 
and an apparent activation energy of Ea=44.9 kJ/mol. The turnover frequency  was further increased to 12.7 min
-1
 in 0.1 M 
NaOH. 
Introduction 
Hydrogen produced from renewable resources holds great 
promise as a solution to future energy and environmental 
challenges.
1
 In particular, hydrogen may power fuel cells, 
which can generate electricity without emission of greenhouse 
gasses. Unfortunately, the physical properties of hydrogen gas 
make transportation, handling and refuelling difficult. Much 
effort has therefore been devoted to the development of 
chemical hydrogen storage materials.
2,3,4,5
 In these types of 
materials, chemical processes control hydrogen storage and 
release. This makes them different from metal hydrides
6
 or 
carbon materials,
7
 where temperature and pressure control 
storage and release. One compound, ammonia borane 
(H3NBH3), has attracted particular attention because of its high 
volumetric and gravimetric density. Ammonia borane is solid 
at room temperature, stable in air and water and contains 
around 196 g/kg or 100-140 g/l of H2.
8
 In combination with an 
efficient catalyst, the hydrolytic dehydrogenation of ammonia 
borane is given by 
1) HNBH	aq	 
 2HO	l	 → NHBO	aq	 
 3Hg	 
In a protic solvent like H2O, up to three equivalents of H2 
can be released from ammonia borane and when a proper 
catalyst is used, hydrogen can be released under ambient 
conditions. In the past years, a number of efficient noble metal 
catalysts have been developed for the hydrolytic 
dehydrogenation of H3NBH3, including both homogeneous
9
 
and heterogeneous catalysts based on Pt,
10
 Rh,
11
 Ru,
12
 Ag
13
 
and Pd
14
. Considering the limited availability and high cost of 
noble metals, the development of equally active and more 
cost-effective non-noble metal catalysts is of great interest.
15
 
Among the non-noble metals, Co supported on carbon has 
recently been suggested as a promising catalyst because of its 
high activity
16
 and magnetic properties. These properties make 
is easy to collect the supported nanoparticles from the liquid 
phase.
17,18,19
 For instance, Wang et al.
20
 recently embedded Co 
nanoparticles in porous nitrogen-doped carbon, which was 
synthesized by carbonization of a Co(salen) precursor under Ar 
atmosphere. The Co nanoparticles resulted in a turnover 
frequency (TOF) of 5.6 mol H2/mol Co min
-1
 in the hydrolytic 
dehydrogenation of ammonia borane. The catalyst showed 
good stability over 10 runs collecting the catalyst using a 
permanent magnet after each run. The porosity of these type 
of carbon materials is a key factor for the catalytic activity. 
 Here, we report a method to prepare Co nanoparticles 
supported on a porous nitrogen-doped carbon matrix 
synthesized by carbonization. The method exploits metal 
organic frameworks (MOFs) as sacrificial precursors for both 
the cobalt nanoparticles and the nitrogen-doped carbon 
matrix support. Because of their remarkable chemical and 
structural properties, such as their high surface area and well-
defined porosity, MOFs have recently attracted much interest 
for applications in gas adsorption, separation and 
heterogeneous catalysis.
21,22
 Furthermore, MOFs have recently 
been used for preparation of high-surface area nanoporous 
carbons for electrochemical reactions.
23
  
In this work, we carbonized different zeolitic imidazolate 
frameworks comprised of Co and 2-methylimidazole (ZIF-67) 
and investigated the catalytic effect of the particle size and the 
carbonization temperature. Furthermore, we investigated the 
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effect of adding Zn (bimetallic hybrid of ZIF-67/8) in order to 
control the Co loading in the catalyst precursor. We carbonized 
the ZIFs at high temperatures to remove the Zn by evaporation 
according to Yin et al.
24
 The best catalyst resulted in a turnover 
frequency of 7.6 mol H2/mol Co min
-1
 at room temperature 
without base. The activity was further tested in 0.1 M NaOH 
and KOH, which increased the TOF to 12.7 min
-1
 in 0.1 M NaOH 
and 11.0 min
-1
 in 0.1 M KOH in agreement with previous 
reports.
25,26
 
Experimental 
Materials. All reagents were purchased from commercial 
source (Sigma-Aldrich) and used without further purifications, 
including Co(NO3)2∙6H2O (>99.9%), Zn(NO3)2∙6H2O (>99.9%), 2-
methylimidazole (99%), methanol (HPLC Plus, ≥99.9%) and 
ammonia borane (H3NBH3, 97%). 
Synthesis of ZIF-67. ZIF-67 was synthesized in methanol 
according to the literature.
27
 In brief, Co(NO3)2∙6H2O (1.436 g) 
and 2-methylimidazole (3.244 g) were each dissolved in 100 
mL of methanol. The Co salt solution was then poured into the 
ligand solution and vigorously stirred in a round-bottomed 
flask for 12 min at the desired temperature (25°C or 60°C). The 
solution was left without stirring for 24h at 25°C. The purple 
product was collected by centrifugation, thoroughly washed 
with methanol three times and then dried at 80°C for 24h. The 
yield of ZIF-67 was 75% based on the amount of Co. The 
synthesis temperatures (25°C or 60°C) yielded ZIF-67 with 
crystal sizes of 300 nm and 500 nm respectively (ZIF-67-300 
and ZIF-67-500). 
Synthesis of ZIF-67/8. The bimetallic hybrid of ZIF-67 and ZIF-8 
(ZIF-67/8) was synthesized with a ratio of Co/Zn=1. The 
material was prepared according to the synthesis of pure ZIF-
67, except that the salt solution consisted of both 
Co(NO3)2∙6H2O (0.718 g) and Zn(NO3)2∙6H2O (0.734 g). After 
the synthesis, the purple product was collected, washed and 
dried as described above. The yield of ZIF-67/8 was 79% based 
on the amount of Co and Zn. The synthesis yielded ZIF-67/8 
with an average crystal size of 50 nm (ZIF-67/8-50). 
Synthesis of carbonised catalysts. ZIF-67 and ZIF-67/8 were 
carbonized in a tube furnace at a temperature of 750°C or 
900°C for 2 hours under Ar using a heating ramp of 5°C/min. 
The final catalysts were labelled according to the rough size of 
the parent catalyst precursor in nm. Figure 1 illustrates the 
two steps of the synthesis, including crystallization and 
carbonization, respectively. Table 1 shows an outline of all the 
prepared materials. 
 
Figure 1. Illustration of the catalyst synthesis. 
Table 1. Outline of the prepared materials. 
Entry Step 1 Precursor
a
 Step 2 Catalyst
a
 
1 60°C ZIF-67-500 750°C Co/NC-500 
2 25°C ZIF-67-300 750°C Co/NC-300 
3 25°C ZIF-67/8-50 750°C CoZn/NC-50 
4 25°C ZIF-67/8-50 900°C Co/NC-50 
a
 The names of the prepared materials are distinguished by the 
crystal sizes of the catalyst precursors (given in nm). 
Characterisation. The prepared materials were characterised by 
X-ray diffraction (XRD), N2 physisorption, scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM). Please see supporting information for all experimental 
details. 
Catalytic tests. The catalytic activity was tested in an 
automated gas burette system equipped with a pressure 
transducer to follow the displacement of a light silicone oil 
upon the release of H2 gas.
28
 Before each experiment, 10-20 
mg of the catalyst was added to a round bottom flask together 
with a magnet. The flask was then sealed with a septum and 
connected to the gas burette system before a solution of 50 
mg H3NBH3 in 10 ml H2O was quickly injected into the flask 
using a syringe. The catalysts were applied without activation 
by addition of NaBH4, which is commonly used in 
literature.
20,29,30 
The reaction was either stirred at room 
temperature or heated using an oil bath, while the data were 
collected and analysed using an online computer. The system 
was calibrated using a mass flow controller and the release of 
H2 calculated from the linear calibration line. 
Results and discussion 
Figure 2a shows XRD analysis of ZIF-67-300, ZIF-67-500 and 
ZIF-67/8-50, respectively. The three diffraction patterns show 
that all catalyst precursors have the characteristic ZIF-67 
sodalite structure, with clear and well-resolved peaks at 2θ 
equal 7° (011), 13° (112) and 18° (222).
24,31
 Figure 2b shows 
the corresponding materials after carbonization Co/NC-300, 
Co/NC-500 and CoZn/NC-50 at 750°C as well as Co/NC-50 at 
900°C. As expected, the carbonization results in a complete 
decomposition of the crystalline ZIF structure. Here, the XRD 
shows a broad diffraction band around 20° as well as a smaller 
band at 26°. We attribute these bands to the diffraction of 
amorphous carbon with some graphitic-like structure.
32
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Figure 2. XRD and N2 physisorption analysis of the prepared 
materials before (left, a & c) and after carbonization (right, b & 
d). 
Furthermore, the XRD shows three diffraction peaks at 2θ 
equal 44° Co(111), 52° Co(200) and 76° Co(220), which 
confirms the formation of face-centred cubic Co 
nanoparticles.
24
 In general, the peaks are too weak to 
determine the average particle size by line-broadening 
analysis. Enlarged versions of the XRD patterns of Co/NC-300 
and Co/NC-500 are shown in the supporting information. 
Figure 2c and 2d show the N2 physisorption analysis of the 
catalyst precursors before and after carbonization, 
respectively. While ZIF-67-500nm and ZIF-67-300nm have type 
I isotherms, which are typical for MOFs and other microporous 
materials,
33
 ZIF-67/8-50 is absorbing less N2 at low relative 
pressures and more N2 at high relative pressures. We assign 
the lower micropore volume in ZIF-67/8-50 to the partial 
substitution of Co by Zn in the framework and the higher 
mesopore volume to interparticle porosity. After the 
carbonization, the physisorption analysis results in isotherms 
with character of both type I and IV. The results from the 
physisorption analysis are summarised in Table 2 and the 
corresponding pore size distributions are shown in the 
supporting information.  
Table 2. Summary of results from N2 physisorption analysis.  
Entry Material  SBET
a
 
(m
2
/g) 
Sext
b
 
(m
2
/g) 
Vmicro
b
 
(cm
3
/g) 
Vtot
d
 
(cm
3
/g) 
1 ZIF-67-500 1951 67 0.779 0.842 
2 ZIF-67-300 1848 72 0.811 0.884 
3 ZIF-67/8-50 1379 90 0.603 0.719 
4 Co/NC-500 290 74 0.085 0.210 
5 Co/NC-300 356 96 0.103 0.233 
6 CoZn/NC-50 335 179 0.065 0.423 
7 Co/NC-50 312 184 0.058 0.482 
a
 Specific surface area determined by the BET method, 
b
 
external surface area and micropore volume determined by 
the t-plot method and 
d
 total pore volume determined by a 
single point read at p/p
0
=0.95. 
 Figure 3 shows representative SEM images of the prepared 
materials before (left) and after carbonization under Ar at 
750°C for 2h (right). All the catalyst precursors are typical 
rhombic dodecahedral in shape. Depending on the 
crystallization temperature, the average crystal size of the ZIF-
67 is around 500 nm (for crystallization at 60°C) or around 300 
nm (for crystallization at 25°C). By adding Zn(NO3)2 to the 
synthesis the average size of the crystals decreases to around 
50 nm. After carbonization, Co/NC-500 and Co/NC-300 
preserve the shape of their catalyst precursors, although the 
structures shrink and the sides of the dodecahedrons become 
more concave. The CoZn-NC-50 catalyst does not retain the 
shape of its precursor, but appears as larger agglomerates. The 
corresponding SEM image of Co/NC-50 is similar to CoZn/NC-
50 and is shown in the supporting information.  
  
  
  
Figure 3. SEM images of a) ZIF-67-500, b) Co/NC-500, c) ZIF-67-300, 
d) Co/NC-300, e) ZIF-67/8-50 and f) CoZn/NC-50. 
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Figure 4. TEM images of a) Co/NC-500, b) Co/NC-300, c) CoZn/NC-
50, d) Co/NC-50. 
Figure 4 shows representative TEM images of Co/NC-500, 
Co/NC-300, CoZn/NC-50 and Co/NC-50, respectively. 
Considering the high metal to carbon ratio, all precursors 
result in relatively well-dispersed Co nanoparticles, typically in 
the range of 5-25 nm. While Co/NC-500 and Co/NC-300 have a 
Co loading of 18 wt%, Co/NC-50 only has a Co loading of 8 
wt%. As expected, the nanoparticles in Co/NC-50 are therefore 
smaller, typically in the range of 5-15 nm. By changing the 
Co/Zn ratio it is therefore possible to control both the particles 
size and the Co loading. As reference materials ZIF-67-500 and 
ZIF-67-300 were also carbonized at 900˚C, which results in 
large agglomerations of Co nanoparticles with an average size 
of 100 nm, see supporting information. We speculate that 
optimisation of the carbonization procedure may result in 
even smaller nanoparticles. The TEM images also reveal how 
the carbonization of the catalyst precursors results in the 
formation of graphitic carbon in Figure 4c and a network of 
carbon nanotubes that protrudes from the catalyst in Figure 
4d. The TEM images of the catalyst precursors ZIF-67-500, ZIF-
67-300 and ZIF-67/8-50 are shown in the supporting 
information.  
 Figure 5 shows the volume of released H2 from the 
catalytic dehydrogenation of ammonia borane over the first 45 
min using 20 mg of catalyst and 50 mg of H3NBH3 in 10 ml H2O 
at 25°C.  
 
 
Figure 5. a) Volume of released H2 from the catalytic dehydro-
genation of ammonia borane using 20 mg catalyst at 25°C. b) 
Recycle tests of Co/NC-50 using 10 mg catalyst. TOF is given in 
mol H2/mol Co min
-1
. 
Table 3 shows the corresponding TOF values as calculated from 
the initial reaction rate and the metal loading (mol H2/mol Co min
-
1
). While Co/NC-500 only results in a TOF of 1.1 min
-1
, Co/NC-300 
results in a TOF of 2.7 min
-1
, which may be explained by the higher 
surface area and porosity of Co/NC-300. These results demonstrate 
that even small changes in the synthesis of the catalyst precursors 
can have a significant effect on both the structural and catalytic 
properties. A similar effect was previously reported by Zou et al. for 
the oxygen reduction reaction.
34
 For both catalysts, the amount of 
H2 released per ammonia borane was around 2.4-2.5, which is less 
than the stoichiometric value of 3 (see equation 1), but in the same 
range as other non-noble metal catalysts.
15  The reference 
materials ZIF-67-500 (900˚C) and ZIF-67-300 (900˚C) exhibited low 
activities in the dehydrogenation of ammonia borane, as expected 
due to the large agglomerations of Co nanoparticles, see supporting 
information.  
Table 3. Results from the catalytic dehydrogenation of 
ammonia borane.  
Entry Catalyst  Co wt%
a
 AB/Co
b
  H2/AB
b
 
 
TOF
c
 
(min
-1
) 
1 Co/NC-500 18 26 2.4 1.1 
2 Co/NC-300 18 26 2.5 2.7 
3 CoZn/NC-50 4 60 2.7 1.8 
4 Co/NC-50 8 126 2.9 7.6 
a
 Determined by atomic absorption spectroscopy (AAS).  
b
 AB=ammonia borane (mol/mol). 
c 
TOF=turnover frequency 
(mol H2/mol Co min
-1
). 
Table 3 shows that the bimetallic CoZn catalyst results in a 
TOF of 1.8 min
-1
 with a H2 to ammonia borane ratio of 2.7. It is 
notable that this catalyst was the least active with respect to 
the mass of the catalyst as shown in Figure 5. Thus, we 
speculate that the Zn may form an inactive CoZn alloy in this 
sample.
35
 By increasing the carbonization temperature from 
750°C to 900°C, which effectively removes the Zn by 
evaporation, the TOF increases to 7.6 min
-1
 for Co/NC-50. 
Furthermore, the released H2 to ammonia borane ratio 
increased to around 2.9 of the theoretical 3 equivalents, which 
corresponds to a yield of 97%.
36,37
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High turnover frequencies have previously been reported 
for a number of carbon supported Co catalysts, in particular 
for Co supported on graphene (Co/graphene, TOF=13.9 min
-
1
)
29
 and Co supported on graphene oxide modified by 
polyethylenimine (Co/PEI-GO, TOF=39.9 min
-1
).
30
 Common for 
both systems is that NaBH4 is used to activate the catalysts. 
Unfortunately, these catalysts were also reported to suffer 
from severe deactivation retaining only 60-65% of the initial 
catalytic activity after 5 runs. For comparison, Figure 5 shows 
how the catalytic activity of Co/NC-50 also decreases over 
multiple runs. After 5 runs, however, the TOF is still 6.3 min
-1
, 
which corresponds to 83% of the initial catalytic activity. Based 
on TEM analysis we propose that the deactivation may be 
caused by a combination of particle aggregation and surface 
oxidation, see supporting information. Wang et al. previously 
reported that their catalyst prepared from Co(Salen) with an 
initial TOF of 5.6 min
-1
 could be recycled up to 10 times.
20
 
Figure 6a shows the effect of increasing the reaction 
temperature from 25-50°C using the Co/NC-50 catalyst. As 
expected, the increased temperature has a large effect on the 
initial reaction rate and at temperatures above 45°C all H2 is 
released in less than 25 min. Figure 6b shows the 
corresponding Arrhenius plot. The apparent activation energy 
as determined from the slope of the linear fit was calculated to 
Ea= 44.9 kJ/mol. Yang et al.
8
 have previously reported 
activation energies from 38-67 kJ/mol, which positions the 
Co/NC-50 catalysts in the better range with respect to the 
activation energy.  
 
Figure 6. a) Effect of increasing the temperature from 25-50°C 
and b) the corresponding Arrhenius plot. 
 
In agreement with previous reports,
25
 addition of base 
increased the reaction rate. In 0.1 M KOH the TOF increased to 
11.0 min
-1
 and in 0.1 M NaOH the TOF increased to 12.7 min
-1
, 
see supporting information. 
Conclusions 
In conclusion, we exploited the zeolitic imidazolate framework 
ZIF-67 as sacrificial precursor for the preparation of Co 
nanoparticles supported on a porous nitrogen-doped carbon 
matrix. By changing the synthesis temperature, it was possible 
to control the size of the catalyst precursor crystals and the 
resulting catalyst particles, which retained the characteristic 
rhombic dodecahedral shape after carbonization. By addition 
of Zn to the ZIF synthesis, the size of the precursor crystals 
decreased to around 50 nm, although the subsequent 
carbonization resulted in large and undefined agglomerates. 
The catalysts were tested for the hydrolytic dehydrogenation 
of ammonia borane and the catalytic activities were related to 
the size of the Co nanoparticles and the structural features of 
the carbon support. The highest catalytic activity was obtained 
from ZIF-67/8 with a molar ratio of Co/Zn=1, which was 
carbonized at 900°C to remove Zn by evaporation. At room 
temperature, this catalyst resulted in a turnover frequency of 
7.6 mol H2/mol Co min
-1
 and an apparent activation energy of 
Ea= 44.9 kJ/mol. Furthermore, it was possible to optimize the 
reaction in 0.1 M KOH and NaOH, providing a final TOF of 11.0 
min
-1 
and 12.7 min
-1
, respectively. We hope that these results 
will inspire new perspectives on the exploitation of MOFs as 
sacrificial precursors and structural templates in 
heterogeneous catalysis and eventually contribute to the 
development of more efficient energy technologies. 
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